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Objective: Recent developments on high resolution micro computed tomography (mCT) allow imaging of
soft tissues in small animal joints. Nevertheless, mCT images cannot distinguish soft tissues from synovial
ﬂuid due to their similar mass density, limiting the 3D assessment of soft tissues volume and thickness.
This study aimed to evaluate a lead chromate contrast agent for mCΤ arthrography of rat knee joints
ex vivo.
Design: Intact tibiofemoral rat joints were injected with the contrast agent at different concentrations
and imaged using a mCT at 2.7 mm isotropic voxel size. Cartilage thickness was measured using an
automated procedure, validated against histological measurements, and analyzed as a function of mCT
image resolution. Changes in hard and soft tissues were also analyzed in tibiofemoral joints 4 weeks after
surgical destabilization of the medial meniscus (DMM).
Results: The contrast agent diffused well throughout the whole knee cavity without penetrating the
tissues, therefore providing high contrast at the boundaries between soft tissues and synovial ﬂuid space.
Thickness analysis of cartilage demonstrated a high similarity between histology and m-arthrography
approaches (R2 ¼ 0.90). Four weeks after surgical DMM, the development of osteophytes (Oph) and
cartilage ulcerations was recognizable with mCT, as well as a slight increase in trabecular bone porosity,
and decrease in trabecular thickness.
Conclusions: A lead chromate-based contrast agent allowed discriminating the synovial ﬂuid from soft
tissues of intact knee joints, and thus made possible both qualitative and quantitative assessment of hard
and soft tissues in both intact and DMM tibiofemoral joints using high resolution mCT.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Joint diseases are characterized by a progressive degradation of
joint tissues, abnormal matrix composition and altered cell
metabolism1,2. These diseases are associated with soft tissue
breakdown, as well as changes in hard tissues such as subchondral
bone3,4. In addition to systemic factors, altered local biomechanics
may lead to morphological changes in joint tissues that are indic-
ative of loss of function and homeostasis. Moderate loads prevent
cartilage degradation5,6, in contrast to excessive loads, which cause: L. Cardoso, Department of
ity University of New York,
Y 10031, USA. Tel: 1-212-650-
rdoso).
s Research Society International. Pcartilage to break down7,8,9,10,11,12,13,14. However, the relationship
between biomechanics and biological mechanisms in joint tissues
is not fully understood, and the need to investigate the cellular,
molecular and biomechanical mechanisms behind these diseases
has motivated the development of small animal models of joint
degeneration15,16,17.
The assessment of morphological changes in small animal joints
is often performed using 2D histomorphometry, or with the help of
modern imaging modalities such as micro-Magnetic Resonance
Imaging (mMRI), micro-Computed Tomography (mCT), and Optical
Coherence Tomography (OCT). However, quantitative assessment
of changes in small animal joints is limited by the resolution and
contrast of current 3D imaging approaches. mMRI offers excellent
sensitivity for imaging soft tissues such as cartilage, ligaments, and
tendons. However, the resolution of mMRI is in the order of
50 mm18,19, which is not sufﬁcient to appropriately characterize the
morphology of cartilage in rats and mice20,21,22. OCT is capable ofublished by Elsevier Ltd. All rights reserved.
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provides two-dimensional (2D) images of the tissue26 and its
penetration depth is limited in whole knee joints. In turn, mCT
allows acquiring high resolution images of the complete joint, but
mCT is only considered appropriate to delineate hard tissues, as it
exhibits poor sensitivity to discriminate materials with similar low
mass densities (e.g., soft tissues and synovial ﬂuid).
Despite recent progress in these imaging approaches, it remains
challenging to acquire soft tissue images at resolutions capable of
distinguishing changes in morphology and tissue composition in
intact whole joints through a single imaging modality. The goal of
this study was to evaluate the ability of a lead-chromate based
contrast agent to improve the distinction and characterization of
both hard and soft tissues in the rat tibiofemoral joint using high
resolution mCT. By these means we aimed to: (1) improve the low
image contrast between synovial ﬂuid and soft tissues of mCT
scanning on small animal joints, (2) investigate the role of images
resolution on the quantitative assessment of cartilage thickness and
volume, and (3) characterize changes in both hard and soft tissues
in an osteoarthritis (OA) animal model induced via surgical desta-
bilization of the medial meniscus (DMM).Materials and methods
Contrast agent concentration
Microﬁl, a lead-chromate based contrast agent (FlowTech,
Carver, MA), is generally used for producing casts of tissue’s
vasculature. The lead-chromate is bound to a silicon monomer that
requires being mixed with a curing agent (hardener) to polymerize,
thus producing a solid aggregate of the 3D vasculature tree. Due to
the large size of the silicon-lead chromate molecule, the mixture
does not diffuse across blood vessel walls or other soft tissues
membranes; moreover, a diluent may be used for better penetra-
tion into smaller vessels (MV-Diluent). In this study, Microﬁl was
used to ﬁll out the space of the synovial ﬂuid in the knee joint
without diffusing into the cartilage or other soft tissues and to
make the synovial ﬂuid space to become X-ray dense. Therefore,Fig. 1. On the left side, histograms of X-ray absorption in HUs for (A) air, (B) water, (C) 250 m
(F) 1:0 LDM and HDM dilutions (G) 1:1 LDM and HDM dilutions, (H) 1:3 LDM and HDM dilu
joint for (E) soft and hard tissues injected with 1:0 LDM, and (J) soft and hard tissues injecthe high contrast between the synovial space, soft tissues and bone
will allow a clear depiction of the contour and volume of soft tissue
morphology.
Segmentation of the scanned tissues and contrast agent was
performed based on the different X-ray absorption by the material/
tissue densities. Therefore, we carried out a quantitative test to
determine the X-ray absorption (attenuation) of Microﬁl at
different densities and dilutions. Two sets of Microﬁl solutions
were prepared at different densities. The ﬁrst solution, here
referred as High Density Microﬁl (HDM), was concentrated by
centrifugation at 10,000 rpm for 10 min, which produce three
distinctive regions, a dense concentrate in the bottom, an inter-
mediate ﬂuid in the middle and a clear supernatant in the top. Fifty
percent of the volume was removed from the top of the solution
and the left 50% was rehomogenized using a pipette and a vortex
for 5 min. The second solution, designated as Low Density Microﬁl
(LDM), corresponded to the original concentration provided by the
Microﬁl vendor. Both HDM and LDM were diluted at a ratio of 1:0,
1:1,1:3 and 1:4with theMV-Diluent and scannedwith andwithout
adding the curing agent.
Air, water and two hydroxyapatite (HA) phantoms of known
density (250 and 750 mg/cm3, 4 mm diameter) were scanned at
2.7 mm. HDM and LDM dilutions with and without hardener were
reconstructed and separate volumes of interest (VOI) were created
for each sample. A VOI was also obtained from two scans of the rat
knee jointwhere1:0HDMand1:0 LDMwere used, corresponding to
a region of the femoral condyle that included Microﬁl (synovial
space), cartilage and subchondral bone. For each VOI, a histogram of
intensity (Fig. 1), corresponding to the X-ray absorption was then
analyzed using CT analyzer (CTAn) software (V1.11.0 Skyscan,
Belgium). Image intensity is reported in Hounsﬁeld Units (HUs), so
that thevalues for air andwater are1000HUand0HUrespectively.Intact and surgical DMM
The right hind limbs of 5 month old female Sprague Dawley rats
were dissected after euthanasia using CO2 in accordance to the
Institutional Animal Care and Use Committee (IACUC) proceduresg/cm3 HA phantom, (D) 750 g/cm3 HA phantom. On the right side, histograms represent
tions, (I) 1:4 LDM and HDM dilutions. Bottom row indicates histograms of VOI of knee
ted with 1:0 HDM.
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muscle and both femur and tibia were cut at the mid-diaphysis,
maintaining the knee joint intact. These samples were divided
into two groups. In the ﬁrst group (n ¼ 6), 1:0 LDM without hard-
ener was injected into the synovial cavity at the anterior, posterior,
medial, and lateral compartments of the knee using a hypodermic
24 gauge needle. For each injection, approximately 3e5 ml of
Microﬁl were used to make sure the synovial capsule was
completely ﬁlled up with the contrast agent. After each injection,
the knee joint was gently bent in ﬂexion/extension to distribute
and homogenize the contrast agent in the synovial cavity. Most
contrast agent egresses trough the holes made in the synovial
capsule by previous injections, and the volume that remains
inside the knee is less than 1 ml approximately. This procedure
allows mixing the synovial ﬂuid with the contrast agent inside
the knee joint. The sample was blotted on gauze to absorb excess
ﬂuid, and carefully placed in an air-tight tube holder for a quick
scan (19.7 mm resolution, 6.5 m duration) to verify the presence and
distribution of Microﬁl in the joint space, and then scanned at high
resolution (2.7 mm resolution, 2 h duration, see details below). For
the second group of animals (n ¼ 6), 1:0 HDM was mixed with 10%
volume of hardener (MV curing agent, ﬂowtech Inc) for solidiﬁca-
tion of the contrast material and injected into the synovial cavity.
1:0 HDM samples were scanned similarly to the LDM group and
subsequently processed for histological analysis.
Surgical DMM of the tibiofemoral joint was performed in a third
group of animals (n ¼ 5) by transecting the meniscotibial ligament
(MMTL). The contralateral limb from these animals served as
Controls (n ¼ 5). Brieﬂy, the joint capsule medial to the patellar
tendon is incised and opened to expose the intercondylar region.
The MMTL is then transected, leading to DMM. A complete
description of the procedure was previously reported in 8e10
week-old male mice27. After surgery, animals were allowed unre-
stricted cage activity, food and water ad libitum. Rats were termi-
nated 4 weeks post-surgery and DMM joints were analyzed against
Controls (CN).
Scanning, reconstruction and thresholding of mCT images
Knee joints were scanned using a mCT scanner (1172 Skyscan,
Belgium) with an isotropic voxel size of 2.7 mm (100 kV, 100 mA, 2 h
duration, 10MPixels camera, 11 mm width ﬁeld of view). X-ray
projections were acquired with ﬁve averaged exposures to produce
high contrast low noise images. A standard reconstruction algo-
rithm (Feldkamp cone beam) was used to generate cross-sectional
images using NRecon software (V1.6.1.2, SkyScan, Belgium). Images
were compensated for misalignment, ring artifacts and beam
hardening during reconstruction of images. Tissue composition
and density were calibrated by using density phantoms (250 and
750 mg/cm3, 7 mm Dia.) of HA, and gray scale reference of air and
water. A global threshold value of 450 mgHA/cm3 was determined
by analyzing the 2.7 mm voxel size images using an edge detection
algorithm (CannyeDeriche ﬁltering, ImageJ v 1.37, National Insti-
tutes of Health).
Histological validation of mCT images
The hardened 1:0 HDM knee joints were ﬁxed in 10% Neutral
Buffered Formalin (NBF) at room temperature for 48 h and unde-
calciﬁed tissues were plastic embedded in Caroplastic. Transverse
and sagittal sections were cut at 100 mm thickness, which were
found to maintain a reasonable amount of hardened Microﬁl
material. Sections were stained with Trichrome blue for 20min and
digital image of each section was captured by a high-performance
color camera (Zeiss Axiocam Mrc). Thirty-four histologicalsections were randomly selected for the comparison of histological
and mCT thicknessmeasurements. Approximately 5,000 mCT images
per knee were sequentially reviewed by one operator in Data-
Viewer (SkyScan, Belgium) to identify the image that best matched
each histological section. For identiﬁcation of soft tissues in mCT
images, a reverse-contrasting approach was used, in which an
inverse threshold was applied to images in order to select all voxels
with values above the X-ray absorption of air and below the
threshold value used for bone and contrast agent. Thickness anal-
ysis regions include patellar-femoral cartilage, femoral cartilage,
and medial and lateral tibial cartilage from transverse sections, and
patellar-femoral cartilage, femoral-tibial cartilage from sagittal
sections. Thickness analysis on both histological and mCT images
were performed using the automated 2D thickness analysis oper-
ation in CTAn software.
Role of mCT voxel size on cartilage thickness and volume
measurements
The role of mCT voxel size (vx) on measurements of cartilage
thickness (Cg.Th) and cartilage volume (Cg.V) was investigated by
comparing the native resolution (2.7 mm) of the mCT with 15
additional images-datasets at lower resolutions (5.5e44.4 mm). To
obtain these measurements, VOIs that included cartilage,
subchondral bone and Microﬁl from the femoral condyle were
identiﬁed in samples from both the HDM (n ¼ 6) and the LDM
groups (n ¼ 6). Lower resolution images of this VOI were
obtained by increasing voxel size by a factor 2 up to 16 using
CTAn software. Cartilage thickness was calculated via the
automated 3D thickness measurement in CTAn. The thickness
measurement corresponds to an average measurement of the
diameter of multiple spheres which fulﬁlls two conditions:
the spheres should enclose a point representing cartilage and the
sphere should be entirely bounded within the solid surfaces of
the cartilage volume. Cartilage volume was obtained using the 3D
volume measurement from CTAn, which uses a hexahedral
marching cubes algorithm to determine the number of voxels
selected within the thresholded VOI. The total volume was
calculated as the total number of cartilage voxels in the VOI times
the voxel size in microns cube. The % error in cartilage thickness
Cg.Th.%er(vx), and cartilage volume Cg.V.%er(vx), were
determined as a function of the voxel size, in respect to
measurements at 2.7 mm voxel size (reference value) using the
following equations:
Cg:Th:%erðvxÞ ¼




Cg:Th:ð2:7 mmÞ  Cg:Th:ðvxÞ
Cg:Th:ð2:7 mmÞ




 100
Cg:V:%erðvxÞ ¼




Cg:V:ð2:7 mmÞ  Cg:V:ðvxÞ
Cg:V:ð2:7 mmÞ




 100
;
vx ¼ 2:7;5:4;.;44:4 mm:
Hard and soft tissues in the DMM model
Newly formed osteophytes (Oph) and cartilage ulcerations were
analyzed based on morphological changes and appearance of the
underlying bone and cartilage contours in mCT images. For char-
acterization of bone microarchitecture, cylindrical VOIs of 1.5 mm
diameter containing bone, cartilage and Microﬁl were identiﬁed in
each DMM knee joint (n ¼ 5) and in its contralateral CN knee joint
(n ¼ 5). For each VOI, global architectural parameters such as
porosity (4), trabecular thickness (Tb.Th), trabecular number
(Tb.N), and trabecular spacing (Tb.Sp) weremeasured using built-in
algorithms in CTAn software employing the guidelines for
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thickness (Cg.Th) was measured using a methodology similar to
trabecular thickness. This analysis was performed in VOIs from four
anatomical regions of each joint including the lateral and medial
femoral condyles (LFC and MFC), as well as the lateral and medial
tibial plateau (LTP, MTP).Statistical analysis
The correlation between cartilage thicknesses measured by mCT
and by histology was calculated using Pearson’s correlation coef-
ﬁcient. The effect of voxel size (vx) on cartilage measurements
(Cg.Th.%er or Cg.V.%er) was assessed by repeated measures analysis
of variance (ANOVA) and Dunnet’s post tests on samples measured
at different voxel sizes as described above. Analysis of normality
indicated that Cg.Th.%er and Cg.V.%er datawas normally distributed
for all voxel size groups in the HDM knees. However, Cg.Th.%er and
Cg.V.%er datawere not normally distributed in three of the 16 voxel
size groups in LDM joints. Therefore, signiﬁcant differences among
resolutions in the LDM group were assessed using Friedman’s test
followed by Dunn’s post test. Separate analyses were carried out on
samples from HDM and LDM joints (n ¼ 6 independent samples
each, and m ¼ 16 repeated observations per independent sample).
The effect of surgical DMM on cartilage and bonemicroarchitecture
(trabecular porosity, thickness, number, trabecular spacing, degree
of anisotropy, and cartilage thickness) was analyzed by comparing
measurements from the DMM group (n ¼ 5) with measurements
from their respective contralateral CN limbs (n ¼ 5), at four
anatomical locations (MTP, LTP, MFC, and LFC). Analysis of
normality indicated that microarchitecture data was normally
distributed for all DMM and CN groups. Two-way repeated
measures ANOVA and Bonferroni post hoc test were used to
compare DMM vs CN data at four anatomical locations. Also, it was
investigated whether the source of variation was from DMMFig. 2. Contrast enhanced mCT images of a rat knee joint at 2.7 mm voxel size. (A) Transv
(arrows); inset in panel A showing subchondral bone is magniﬁed in panel E. (B) Coronal pl
growth plate; inset in panel B showing a magniﬁed view of Anterior Cruciate Ligament (ACL),
plane of a 1:0 HDM scan showing the Lateral Collateral Ligament (LCL), Medial Collateral L
view of femoral cartilage, subchondral bone and microﬁl interface in panel G. (D) Coronal pl
growth plate; inset in panel D showing a magniﬁed view in greater detailed of tibial trabetreatment and anatomical location, or from the interaction of these
two factors.
Prior to performing statistical tests, normality was veriﬁed by
the KolmogoroveSmirnov test. Results were expressed as the
mean  95% conﬁdence interval of the mean (error bars in ﬁgures).
All tests were performed with P < 0.05 signiﬁcance level using
Prism 5 statistics software package (GraphPad Software Inc.).Results
Contrast agent characterization
Histograms of X-ray absorption intensities for the air, water, 250
and 750 mg/cm3 HA standards are shown in Fig. 1(AeD), with
a distinctive peak at 1000, 0, 2500 and 7500 HU respectively.
Fig. 1(FeI) shows the histogram of intensities for the 1:0, 1:1, 1:3
and 1:4 LDM (blue) and HDM (red) dilutions without hardener. The
peaks of LDM and HDM at 1:0, 1:1, 1:3 and 1:4 dilutions exhibited
X-ray intensities that linearly depend on its concentration within
the range tested in this study. Fig. 1(E) shows the histogram of
intensities from one knee joint injected with 1:0 LDM. The histo-
gram shows only two distinctive peaks because the X-ray absorp-
tion of bone and 1:0 LDM was very similar. When the four LDM
dilutions were compared with the absorption by bone, it was
observed that the dilution most similar to bone was indeed the 1:0
LDM, corresponding to a HA mass density of w1800 mg/cm3
Fig. 1(J) corresponds to the histogram of intensities from a knee
scanned with 1:0 HDM. In this case, three peaks are clearly
observed, the one on the left for soft tissues, the one in the middle
from hard tissues and the one on the right corresponds to the 1:0
HDM. This indicates that the use of the 1:0 HDM dilution clearly
separates bone from the contrast agent. There was no signiﬁcant
difference in intensity when hardener was added to any density or
dilution. The use of no hardener has the advantage of using theerse plane of 1:0 LDM scan indicating the Patellar Tendon (PT) and femoral cartilage
ane showing the Medial Meniscus (MM), Lateral Meniscus (LM); and femoral and tibial
Posterior Cruciate Ligament (PCL) and tibial cartilage (arrows) in panel F. (C) Transverse
igament (MCL) and femoral cartilage (arrows); inset in panel C displaying a magniﬁed
ane of a 1:0 HDM scan indicating the Posterior Cruciate Ligament (arrows) and femoral
cular bone and growth plate subchondral bone in panel H (arrows).
Fig. 3. Comparison among structures and thickness measurements of mCT and histo-
logical images. Corresponding sagittal view of (A) histology and (B) mCT images of the
same knee joint. (C) Magniﬁed view of inset in panel A, indicating bone (blue), HDM
contrast agent (orange) and cartilage (light pink). (D) Magniﬁed view of inset area
shown in panel B, indicating bone (gray color), HDM contrast agent (light gray) and
cartilage (black). White arrows indicate the cartilage in all images. (E) Pearson’s
correlation coefﬁcient between histology and mCT cartilage thickness was found
R2 ¼ 0.90 with a slope of 0.97.
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be bent at different angles and re-scanned; on the contrary, the use
of hardener is irreversible, and the knee cannot be ﬂexed/extended
any more, but its use facilitates the comparison between histology
and the mCT images.
Fig. 2 shows different views of mCT images when the 1:0 LDM
and 1:0 HDM were injected into the knee joint. It can be observed
that the Microﬁl was distributed throughout the whole synovial
space and did not diffuse into soft or hard tissues. Microﬁl inﬁl-
trated in small spaces including those of cartilage to cartilage
interfaces and meniscus to cartilage contact areas. Therefore,
Microﬁl allowed for formation of distinctive boundaries between
the synovial ﬂuid space and soft tissues in great detail. Multiple soft
tissue anatomical structures not easily seen by standard mCT were
discriminated including menisci, ligaments, cartilages, and
tendons. Overall, the HDM contrast agent in Fig. 2(C and D) help to
more easily distinguish/separate the soft tissues in the knee by
thresholding procedures because of the remarkable HU-intensity
peak separations.
Histology vs mCT images
Fig. 3(A and B) shows a sagittal histological section and mCT
image of the knee joint in which hardened 1:0 HDM, bone, and
cartilage can be clearly distinguished. The corresponding histo-
logical sections stained with Trichrome blue demonstrated a high
resemblance with mCT images [highlighted in Fig. 3(C and D)].
Quantitative comparison of cartilage thickness from histological
and mCT sections using in both cases the CTAn automated image
analysis yield a correlation value of 0.90 [Fig. 3(E)], indicating that
cartilage measurements from mCT images with Microﬁl appropri-
ately represent the true thickness of cartilage in small joints at this
resolution.
Effect of image resolution
A qualitative comparison of images at different resolutions
(2.7 mme88.3 mm) with 1:0 LDM and 1:0 HDM is shown in Fig. 4(A
and B) respectively. This sequence of images shows that the carti-
lage layer can still be distinguished at 22.1 mm, but its clarity is
strongly compromised below that resolution, as shown in panels at
44.2 mm and 88.3 mm pixel size (typical MRI resolution). Moreover,
we quantitatively analyzed the role of the voxel size on the % error
produced on cartilage measurements. The cartilage thickness and
volume was determined at 16 different resolutions and plotted as
a function of the voxel size in Fig. 4(C and D). The % error of the
cartilage thickness and volume measurements increases linearly
with voxel size, and at 22.1 mm was found to be w30% and w4%
respectively. Above 44.2 mm voxel size the thickness % error was as
large as 60%, possibly because the cartilage thickness was repre-
sented by a few pixels at that resolution. No signiﬁcant differences
from Cg.Th.%er measured at 2.7 mm were found until voxel size
reached 13.8 mm or higher in HDM samples. Cg.Th.%er measured
from LDM samples was signiﬁcantly different when comparing
2.7 mme11.1 mm and higher voxel sizes. No signiﬁcant differences
were found for Cg.V.%er at 24.9 mm and smaller voxel sizes in
HDM samples, and at 22.1 mm and smaller voxel sizes in LDM
samples. All together, these results highlight the importance of
resolution on quantitative assessment of cartilage thickness and
volume.
Assessment of changes in DMM animal model
Fig. 5(A) shows the DMM 4 weeks after surgery, in which the
medial meniscus wasmedially displaced, allowing a greater contactbetween the femoral condyle and tibial plateau in the medial
compartment of the knee joint. Several changes in trabecular bone
and cartilage can be observed in the DMM group, including the
formation of Oph in both the tibia [Fig. 5(A and E)] and femur
[Fig. 5(B and F)], as well as erosion and ulceration of the cartilage
layer in the tibia [Fig. 5(C and G)] and the femur [Fig. 5(D and H)] as
indicated with white arrowheads. None of these changes were
observed in the control group.
Changes on trabecular bone microarchitecture and cartilage
thickness due to surgical DMM are summarized in Fig. 6. A pattern
of change on porosity can be observed on each of the four
compartments of the tibiofemoral joint, characterized by a small
increase of the mean on each DMM group vs Control [Fig. 6(A)]. The
effect of DMMonporosity changeswas found extremely signiﬁcant.
However, the effect of location was found not quite signiﬁcant and
the interaction between DMM and location was found not signiﬁ-
cant. The post hoc test showed that the change in porosity was
Fig. 4. Single sagittal slice of mCT images with LDM (n ¼ 6) and HDM (n ¼ 6) at resolutions of 2.7, 11.0, 22.1, 44.2, and 88.3 mm voxel size. (A) Demonstrating the effect of resolution
on the ability to resolve tissues and structures in the knee joint injected with 1:0 LDM. At 44-mm voxel size, the tissues boundaries are blurred owing to partial volume effect so that
the gray scale is sufﬁciently reduced to the extent that they cannot be differentiated from each other. Same partial volume effect is seen on (B) however knee joint was injected with
1:0 HDM. Quantitative assessment (mean  95% CI shown as error bars) of cartilage thickness % error (C) and cartilage volume % error (D) as a function of voxel size (16 repeated
observations per independent sample).
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interaction of these two factors on porosity was found not signiﬁ-
cant .A similar observation was obtained for trabecular thickness,
which has the opposite trend to the one displayed by the porosity
[Fig. 6(B)]. The effect of DMM on Tb.Th. was considered extremelyFig. 5. Contrast enhanced mCT images of tibiofemoral joints after surgical destabilization of m
and D) sagittal views of the DMM model showing ulceration and erosion of tibial and femor
Oph in the tibia and femur. (G and H) disruption and ulceration of femoral and tibial cartilsigniﬁcant, the effect of locationwas signiﬁcant, but the interaction
was not signiﬁcant. These changes were found statistically signiﬁ-
cant by the post hoc test in the MTP, LTP and MFC regions. The
trabecular spacing followed a pattern close to the one showed in
the porosity, in which DMM treatment and location, but not theedial meniscus. (A and B) Coronal plane displaying the medial meniscus out of place. (C
al cartilage respectively. (E and F) Magniﬁed views of A and B showing the formation of
age.
Fig. 6. Characterization of bone microarchitecture and cartilage thickness at four distinct compartments (LFC, LTP, MFC, and MTP) of the tibiofemoral joint from DMM (n ¼ 5) and
CN (n ¼ 5) groups. (A) trabecular porosity (f), (B) trabecular number (Tb.N), (C) trabecular thickness (Tb.Th), (D) trabecular spacing (Tb.Sp), (E) degree of anisotropy (DA), and F)
cartilage thickness (Cg.Th). Data shown as mean  95 conﬁdence interval (error bars), * indicates signiﬁcant differences between groups with P < 0.05 level, ns indicates non
signiﬁcant differences.
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Tb.Sp. However, the post hoc test indicated that no signiﬁcant
differences were found among the groups [Fig. 6(C)]. The trabecular
number and the degree of anisotropy seem to be the less affected by
the surgical DMM procedure [Fig. 6(D and E)] since these two
parameters exhibited no effect by DMM treatment, location or
interaction between these factors. Post hoc test showed no signiﬁ-
cant differences among the analyzed groups. The cartilage thick-
ness measurements indicate that DMM and the interaction
between DMM and location had no effect on Cg.Th, however,
location had a very signiﬁcant effect on Cg.Th. Post hoc test showed
no differences among groups [Fig. 6(F)].
Discussion
Quantitative characterization of hard tissues has become a stan-
dard procedure in many laboratories equipped with mCT systems.
Assessment of 3D changes in soft tissues in small animal models is
being currently developed with the help of contrast agents, which
has the potential to become a (semi)automated procedure too. A
suspension of barium sulfate in oil was employed to distinguish the
synovial ﬂuid from the cartilage anatomy imaged by mCTarthrography at 35 mm resolution29. Equilibrium Partitioning of an
Ionic Contrast agent via mCT (EPIC-mCT) using Hexabrix at 16 mm
resolutionwas proved efﬁcient for imaging GAG content and thus to
quantify tissue composition, which is indicative of the healthy state
of cartilage26,30,31,32. Other cationic contrast agents have also shown
great sensitivity to GAG content33,34. In both methods, using either
anionic or cationic contrasts, the contrast agent diffuses across the
soft tissues surface, until equilibrium is reached between the
contrast agent concentration inside cartilage and the synovial space.
Therefore, a clear distinction between the soft tissue interface and
the synovialﬂuidmaybedifﬁcult to achieve. In the contrary,Microﬁl
does not diffuse across the border of the soft tissues, and the
delineation of soft tissues, which is difﬁcult in mCT, becomes quan-
tiﬁable due to the enhanced contrast at the interface between soft
tissues and synovial ﬂuid space. The high contrast between tissues
and Microﬁl made possible distinguishing with clarity the
morphology of both hard and soft tissues in scans with 22 mm pixel
size or smaller. To the best of authors’ knowledge, this contrast agent
has not been used before for characterization of soft tissues within
awhole intact knee joint. Further studies are required to investigate
whetherHexabrix andMicroﬁlmay be used synergistically to assess
changes in tissue composition and morphology.
X.I. Gu et al. / Osteoarthritis and Cartilage 20 (2012) 1011e10191018Another important advantage of Microﬁl is that it enables
automated segmentation of hard and soft tissues in the knee joint
(Fig. 2). The contrast agent concentration may be tuned to exhibit
a desired/convenient X-ray absorption in the scan. For instance, the
use of 1:0 HDM offers the advantage of producing three distinctive
peaks in the attenuation histogram of images [Fig. 1(J)], thus facil-
itating the segmentation of tissues and the compartment occupied
by the contrast agent in the knee joint. In this manner, a single
imaging approach can be used for characterization of both hard and
soft tissues, as opposed to previous studies requiring the assess-
ment of hard tissues by mCT and soft tissues by MRI.
In all scans performed in this study, the volume of the contrast
agent represented fairly well the synovial ﬂuid cavity and revealed
the anatomical details of the soft tissues in the intra-articular space.
In order to assess the accuracy of this approach to quantify soft
tissue morphology, we analyzed the cartilage thickness obtained
from histological sections and mCT images (2.7 mm pixel size) using
CTAn automated software. A strong linear relationship between the
mCT thickness measures and histology was observed (R2 ¼ 0.90,
slope ¼ 0.97), demonstrating the utility of Microﬁl to quantify
cartilage morphology at high resolution (Fig. 3). By using the
automated thickness analysis operation in CTAn, human
measurement errors were minimized. However, a limitation of this
approach is that the use of histological slices (and 2D image slices)
could be inﬂuenced by the 3D nature of the joints, and a small
misalignment could be a source of error.
Measurements of cartilage volume are possible due to the
successful segmentation and3D reconstructions of both hard and soft
tissues. The analysis of the inﬂuence of the pixel size on the quanti-
tative assessment of cartilage thickness and volume indicated that
there is amoderate error on suchmeasurementswhen performed on
scans at 22.1 mm pixel size or smaller (<30% and 4% respectively).
When the pixel size is as large as the cartilage thickness, these
measurements exhibited an error of up to 60%. Scans with 2.7 mm
isotropic voxel size indeed offered outstanding recognizable details of
both hard and soft tissues. A limitation of this analysis is that gener-
ating imagedatasetswith reduced resolutionbyaveraging techniques
is not exactly the same as performing the measurements indepen-
dently at varying resolutions, but it is considered as a reasonable
approach to address the question of resolution effects on accuracy.
The use of Microﬁl also allowed the simultaneous characteriza-
tion of trabecular bone microarchitecture, as well as the develop-
ment of Oph and cartilage ulcerations 4 weeks after surgical DMM.
Distinguishing the boundaryof cartilage is important to quantify the
morphological changes associatedwith cartilage degeneration such
as thickening/thinning, erosion, and ulceration. A more extensive
characterization (including more animals and other time points) of
the DMMmodel is necessary to conﬁrm the ﬁndings reported here.
A limitation of the lead chromate contrast agent is that it could be
toxic to the animal, limiting the applicability of this contrast agent
in vivo; however, the concept of using a contrast agent that does not
diffuse across the soft tissues is of relevance to translate the
proposed approach to in vivo animal models. However, the possi-
bility of tracking changes in both soft and hard tissues ex vivo with
the level of detail presented in this study may contribute to better
understand the interaction between soft and hard tissues in joint
diseases and therapeutic interventions, i.e. osteoarthritis, post
surgery soft tissue healing, surgical DMM, etc.
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